Introduction
============

Melanoma is a form of skin cancer that is characterized by aggressive pathophysiology and poor responses to therapy ([@b1-etm-0-0-8359],[@b2-etm-0-0-8359]). The incidence of malignant melanoma has been increasing worldwide. In the U.S., the incidence of melanoma has increased from 6.8 per 100,000 in 1973 to 20.1 per 100,000 in 2007 and \~1,500 new cases are diagnosed in the U.S. each year ([@b3-etm-0-0-8359]). Melanoma is widely considered to be a multi-factorial disease arising from the interaction between genetic susceptibility and environmental exposure ([@b3-etm-0-0-8359]). The most important and potentially modifiable environmental risk factor for developing malignant melanoma is the exposure to UV rays, because of their genotoxic effects. Until recently, treatment strategies for patients with advanced metastatic melanoma have been mainly ineffective. Melanoma is well-documented to be resistant to different types of chemotherapy, with the rate of response to traditional chemotherapeutic treatments, including suntinib, tamoxifen and cisplatin, of \<10% and the 5-year survival rate of melanoma patients with distant metastases being \<5%. During the initial stages of the disease, the tumor can be excised through surgery and demonstrate favorable survival; however, upon metastasis, metastatic melanoma is difficult to treat and exhibits poor clinical outcomes ([@b4-etm-0-0-8359]). The prognosis of metastatic melanoma is poor and the neccessity to develop innovative treatment options is paramount.

Resveratrol (RV) is a natural polyphenolic phytoalexin derived from peanuts, red grape skins and red wine ([@b5-etm-0-0-8359]). Emerging evidence suggests that RV is biologically versatile and confers the ability to protect against oxidative stress, malignancies and angiogenesis ([@b6-etm-0-0-8359]--[@b8-etm-0-0-8359]). The anti-malignant properties of RV arise from its ability to inhibit the PI3K/AKT signaling pathway ([@b9-etm-0-0-8359]), reduce glucose absorbance and metabolism ([@b10-etm-0-0-8359]), initiate apoptosis and autophagy ([@b11-etm-0-0-8359]), and regulate microRNA expression ([@b12-etm-0-0-8359]). However, the role of RV in melanoma prevention has yet to be fully elucidated.

Autophagy is a conserved cellular degeneration system that is stimulated downstream of the PI3K/AKT/mTOR complex 1 (mTORC1) axis ([@b13-etm-0-0-8359]). AKT phosphorylation triggers tuberous sclerosis 1/2, which in turn stimulates mTOR to inhibit the downstream autophagy-initiating kinase, Unc-51-like autophagy activating kinase 1, resulting in the termination of autophagy ([@b14-etm-0-0-8359],[@b15-etm-0-0-8359]). It has been demonstrated that autophagy is essential for some malignancies and, consequently, this has led to the development of targeted treatments, which are currently undergoing clinical trials ([@b16-etm-0-0-8359]). There is an ongoing debate regarding the impact and role of autophagy in malignant formation and progression, because accumulating research supports the hypothesis that autophagy contributes to cell death ([@b16-etm-0-0-8359],[@b17-etm-0-0-8359]). These findings suggested that autophagy possesses multiple roles in malignant development depending on the context ([@b18-etm-0-0-8359]). Therefore, in the present study, the biological activity of RV in melanoma was investigated; in particular, the effects of RV on the autophagy-regulating PI3K/AKT/mTOR signaling pathway.

Materials and methods
=====================

### Cell culture and reagents

Murine melanoma cell line, B16-F10, and the human melanoma cell line, A375, were purchased from the American Type Culture Collection and cultured in DMEM high glucose (Thermo Fisher Scientific, Inc.) supplemented with 10% FBS (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 U/ml streptomycin. Cells were maintained in a humidified atmosphere of 5% CO~2~ and 37°C. 3-Methyladenine (3-MA) was purchased from Sigma-Aldrich (Merck KGaA). The study was approved by the Ethics Committee of People\'s Hospital of Zhenhai District (Zhejiang, China).

### Cell Counting Kit-8 (CCK-8) assay

The CCK-8 assay was used to assess A375 cell viability. A total of 1×10^5^ cells were plated in 96-well plates and supplemented with 0, 25, 50 and 100 µM RV (Sigma-Aldrich; Merck KGaA) for 24 h before performing the CCK-8 assay. Briefly, 10 µl CCK-8 solution was added to each well and the cells were incubated for 4 h at 37°C. Absorbance was measured at 450 nm with a spectrophotometer.

### Flow cytometric analysis of apoptosis

Following treatment with 100 µM of RV for 24 h, B16-F10 and A375 cells were collected by centrifugation at 1,000 × g for 5 min at 20°C. The cells were subsequently stained using the Annexin V-FITC/propidium iodide double-staining Apoptosis kit (BD Biosciences) according to the manufacturer\'s protocol. Briefly, the cells were incubated in the binding buffer, including the 5 µl annexin V-FITC (10 µg/ml) and 10 µl propidium iodide (10 µg/ml), for 15 min at 20°C. Guava^®^ easyCyte™ 8 Flow cytometer (EMD Millipore) were subsequently used and the data were analyzed using the FCS Express software version 14 (De Novo Software).

### Transwell migration assay

The Transwell migration assay was used to evaluate cellular migration. A total of 5×10^4^ cells were plated in the upper chambers of Transwell plates (EMD Millipore) in serum-free DMEM (Thermo Fisher Scientific, Inc.) and 1 µg/ml of mitomycin C. DMEM supplemented with 10% FBS (Thermo Fisher Scientific, Inc.) was plated in the lower chambers. Following incubation for 24 h at 37°C, non-migratory cells remaining in the upper chambers were scraped away using a cotton swab, whilst the migratory cells in the lower chamber were fixed with 100% methanol prior to being stained with 1% crystal violet, both at 37°C for 4 h. Stained cells were quantified in six randomly-selected fields using Nikon Eclipse TE2000-S inverted fluorescence microscope (magnification, ×20; Nikon Corporation).

### Matrigel invasion assay

Transwell plates with Matrigel coating (pore size, 8 µm; cat. no. 354480; Corning Inc.) were used for the invasion assay. A total of 1×10^5^ cells suspended in serum-free DMEM were plated into the upper chambers in Matrigel-coated Transwell plates. DMEM supplemented with 20% FBS (Thermo Fisher Scientific, Inc.) was plated in the lower chambers and acted as a chemoattractant. The cells were incubated for 24 h at 37°C in 5% CO~2~. Following incubation, non-invasive cells were removed using a cotton swab, whilst invasive cells were fixed with 100% methanol for 15 min at 37°C, and subsequently stained with 1% crystal violet for 4 h at 37°C. Stained cells were counted in six randomly-selected fields using the Nikon Optical TE2000-S inverted fluorescence microscope (Nikon Corporation; magnification, ×20).

### Fluorescence microscopy

B16-F10 cells were transfected with 500 ng green fluorescent protein (GFP)-LC3 plasmid using Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). Plasmids GFP-LC3-pcDNA3.1 and GFP-pcDNA3.1 (vector), were acquired from Shanghai GenePharma Co., Ltd. A total of 1×10^6^ B16-F10 cells were seeded into 6-well plates 1 day prior to transfection. The transfection admixture was generated by adding 1 µg plasmid DNA and 10 µl Lipofectamine 3000™ reagent (Fermentas; Thermo Fisher Scientific, Inc.) to opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.). The admixture was added to the culture media and the cells were further incubated for 24 h. Cells were subsequently treated with or without RV for 24 h prior to quantification of GFP-LC3 puncta formation under Nikon Eclipse TE2000-S inverted fluorescence microscope (magnification, ×60; Nikon Corporation) in six randomly-selected fields of view. Cells were deemed to contain aggregating autophagosomes if \>5 puncta were observed.

### Western blotting

Total protein was extracted from a total of 5×10^6^ B16-F10 and A375 cells using a RIPA lysis buffer (Beyotime Institute of Biotechnology) and Bradford assay (Bio-Rad Laboratories, Inc.) was used to quantify total protein concentration. Protein samples (30 µg per lane) were separated via SDS-PAGE on an 8--15% Tris-HCl polyacrylamide gel (Bio-Rad Laboratories, Inc.), before being transferred onto PVDF membranes (EMD Millipore). The membranes were then blocked with 10% FBS (Thermo Fisher Scientific, Inc.) at 4°C for 1 h and then incubated overnight at 4°C with the following primary antibodies from Cell Signaling Technology, Inc.: Rabbit anti-PI3K (1:1,000, cat. no. 4257), rabbit anti-AKT (1:1,000, cat. no. 4691), rabbit anti-mTOR (1:1,000, cat. no. 2983), rabbit anti-microtubule-associated protein 1A/1B-light chain 3 (LC3B; 1:1,000 cat. no. 3868), rabbit anti-β-actin (1:5,000, cat. no. 8457), rabbit anti-phosphorylated (p)-AKT (Thr-308; 1:1,000, cat. no. 13038), rabbit anti-p-mTOR (Ser2448; 1:1,000, cat. no. 39182), rabbit anti-Beclin 1 (1:1,000, cat. no. 3495), rabbit anti-caspase-9 (1:1,000, cat. no. 9508) and rabbit anti-p62 (1:1,000, cat. no. 39749) diluted in TBS supplemented with 1% Tween-20. Following primary antibody incubation, the membranes were incubated with horseradish peroxidase-labeled goat anti-rabbit secondary antibodies (1:10,000, cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at 20°C. Protein bands were visualized by enhanced chemiluminescence (ECL) plus detection reagent (Pierce; Thermo Fisher Scientific, Inc.) and analyzed using the ImageQuant™ LAS 4000 imaging system (GE Healthcare Bio-Sciences).

### Statistical analysis

Data are presented as the mean ± SEM from three independent experimental repeats. Statistical significance between groups was determined using the GraphPad Prism 7.00 software (GraphPad Software, Inc.), using a two-tailed, unequal-variance Student\'s t-test, or ANOVA followed by a Tukey\'s post hoc test for multiple comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### RV inhibits viability and induces apoptosis of melanoma cells in vitro

To determine the role of RV in melanoma, A537 cells were treated with 0--100 µM RV for 24 h. Cell viability was inhibited by RV in a dose-dependent manner, where it was observed that 100 µM RV was the most effective concentration ([Fig. 1A](#f1-etm-0-0-8359){ref-type="fig"}). Flow cytometric analysis of early and late stage apoptosis revealed that 100 µM RV treatment significantly increased apoptosis in B16-F10 and A375 cells compared with control cells ([Fig. 1B-E](#f1-etm-0-0-8359){ref-type="fig"}). In addition, RV significantly increased cleaved caspase-9 protein expression in A375 cells compared with the control ([Fig. 1F-G](#f1-etm-0-0-8359){ref-type="fig"}). These findings suggested that RV could inhibit viability and induce apoptosis in melanoma cells lines *in vitro*.

### RV inhibits the invasion and migration of melanoma cells

The migratory and invasive capacity of B16-F10 cells was significantly inhibited following RV treatment compared with the control ([Fig. 2A-D](#f2-etm-0-0-8359){ref-type="fig"}). Similar results were observed in A375 cells ([Fig. 2E-H](#f2-etm-0-0-8359){ref-type="fig"}). These findings demonstrated that RV could retard the migration and invasion of melanoma cells *in vitro*.

### RV triggers autophagy in B16-F10 cells

It is reported that the modulation of autophagy can influence melanoma progression ([@b19-etm-0-0-8359],[@b20-etm-0-0-8359]). To evaluate RV-triggered autophagy, the impact of RV on autophagy in B16-F10 cells expressing GFP-LC3 was investigated. The number of puncta, which were quantified using LC3-GFP labels in each cell, was elevated following RV treatment ([Fig. 3](#f3-etm-0-0-8359){ref-type="fig"}). Furthermore, RV treatment significantly increased the protein expression levels of Beclin 1 and LC3II/LC3I proteins and significantly reduced p62 protein expression levels compared with the control group ([Fig. 4A-D](#f4-etm-0-0-8359){ref-type="fig"}). These results indicated that RV may promote autophagy in B16-F10 melanoma cells.

### RV inhibits the PI3K/AKT/mTOR axis in melanoma cells

The PI3K/AKT/mTOR axis is an essential contributor to the regulation of autophagy, cell death and proliferation ([@b21-etm-0-0-8359]). Western blot analysis was used to investigate whether RV treatment had an effect on PI3K/AKT/mTOR stimulation in melanoma cells. The phosphorylation levels of mTOR and AKT were significantly decreased in B16-F10 cells following RV treatment compared with control cells ([Fig. 5A-D](#f5-etm-0-0-8359){ref-type="fig"}). Similar results were observed in A375 cells ([Fig. 5E-H](#f5-etm-0-0-8359){ref-type="fig"}). These data indicated that RV may promote autophagy through inhibiting the PI3K/AKT/mTOR pathway.

### Addition of the autophagy inhibitor, 3-methyladenine (3-MA), reverses RV-mediated preventative effects

Since autophagy serves numerous roles in malignant cell viability and apoptosis, the impact of autophagy on the antitumor effect of RV was investigated in B16-F10 cells. RV significantly reduced cell viability ([Fig. 6A](#f6-etm-0-0-8359){ref-type="fig"}), migration ([Fig. 6D and E](#f6-etm-0-0-8359){ref-type="fig"}) and increased apoptosis ([Fig. 6B and C](#f6-etm-0-0-8359){ref-type="fig"}) in B16-F10 cells; all of which were reversed by treatment with 3-MA (10 mmol/l), an autophagy inhibitor ([Fig. 6A-E](#f6-etm-0-0-8359){ref-type="fig"}). These findings indicated that RV may mediate cell death and growth through autophagy.

Discussion
==========

The present study demonstrated that RV treatment enhanced cell death and inhibited viability, migration and invasion of B16-F10 cells *in vitro*; it also identified that RV may trigger autophagy through inhibition of the PI3K/AKT/mTOR pathway, as subsequent inhibition autophagy reversed the effect of RV in B16-F10 cells. Similar results were observed in A375 cells, suggesting that these results are also applicable in a future clinical setting. In summary, these data suggested that RV retards melanoma growth in an autophagy-dependent manner through the inhibition of PI3K/AKT/mTOR signaling. Previous studies have similarly reported that RV can potentially prevent various malignancies through inhibiting cellular proliferation and regulating autophagy ([@b22-etm-0-0-8359]--[@b24-etm-0-0-8359]). In a study by Lei *et al* ([@b25-etm-0-0-8359]), RV decreased proliferation, enhanced cellular differentiation and improved melanin generation in HT-144 melanoma cells through inhibiting the mitogen-activated protein kinase kinase/ERK kinase pathway. Kim *et al* ([@b26-etm-0-0-8359]) revealed that RV triggered cell death in the mitochondrial pathway. Furthermore, RV reduced survival and enhanced apoptosis in H460 lung cancer cells ([@b27-etm-0-0-8359]). These data are consistent with observations made in the present study regarding melanoma pathophysiology.

Autophagy is an essential contributor to multiple physiological and pathophysiological reactions, such as cellular viability and apoptosis ([@b28-etm-0-0-8359],[@b29-etm-0-0-8359]). Emerging evidence has suggested that autophagy is essential for malignant progression ([@b30-etm-0-0-8359]--[@b33-etm-0-0-8359]). In the present study, RV treatment upregulated the protein expression of Beclin 1 and LC3-II, and downregulated p62 expression levels in B16-F10 cells, demonstrating that RV may promote autophagy in melanoma. Furthermore, 3-MA, which inhibits autophagy, reversed the RV-mediated effects on migration, viability and apoptosis.

The PI3K/AKT/mTOR pathway is crucial for cellular proliferation, autophagy and viability ([@b34-etm-0-0-8359]). In periods of nutrient homeostasis, the PI3K/AKT pathway stimulates and activates mTOR, which leads to the downstream suppression of autophagy; during nutrition deficit or stress, mTOR is downregulated and autophagy is stimulated ([@b35-etm-0-0-8359]). It has been demonstrated in a number studies that abnormal PI3K/AKT/mTOR activation contributes to the pathological manifestations of melanoma, and inhibition of this pathway inhibits melanoma progression ([@b21-etm-0-0-8359],[@b36-etm-0-0-8359]). PI3K/AKT/mTOR inhibition was observed to trigger autophagy and the subsequent death of prostate cancer cells ([@b37-etm-0-0-8359]). mTOR consists of two complexes mTORC1 and mTOR complex 2; mTORC1 is a transcriptional modulator of autophagy ([@b38-etm-0-0-8359]). mTOR functions by inhibiting the downstream molecular complex ULK1 to negatively regulate autophagy levels. The suppression of mTOR pathway is one of the most important pathways leading to autophagy induction ([@b38-etm-0-0-8359]). Additionally, Beclin 1 triggers the formation of the pre-autophagy complex, which also requires PI3K ([@b35-etm-0-0-8359]). However, this potential effect of RV on the PI3K/AKT/mTOR signaling pathway in melanoma remains unclear. The findings from the present study demonstrated that p-AKT and p-mTOR were downregulated following RV treatment, indicating that RV may inhibit the PI3K/AKT/mTOR axis in melanoma.

The limitations of the study include the use of one mouse cell line and one human cell line for experimentation. Therefore, the present study need to be repeated in additional human melanoma cell lines in addition to *in vivo* animal models in the future.

In conclusion, results from the present study demonstrated that RV prevented *in vitro* melanoma growth in an autophagy-mediated manner through inhibiting the PI3K/AKT/mTOR axis. These findings suggested that RV may be a promising and innovative treatment for melanoma.
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![RV inhibits viability and enhances apoptosis in B16-F10 and A375 melanoma cell lines *in vitro*. (A) A375 cells were treated with various concentrations of RV (0, 25, 50 or 100 µM) for 24 h, and CCK-8 assay was used to assess viability. (B-G) B16-F10 and A375 cells were treated with 100 µM RV for 24 h. (B) Annexin V-FITC/PI flow cytometric analysis of B16-F10 cells following RV or control treatment. (C) Percentage of apoptotic B16-F10 cells following RV or Con treatment (n=3). (D) Annexin V-FITC/PI flow cytometric analysis of A375 cells following RV or Con treatment. (E) Percentage of apoptotic A375 cells following RV or control treatment (n=3). (F) Representative western blots and (G) densitometry analysis of cleaved caspase-9 in A375 cells following RV or Con treatment. Data are presented as the mean ± SEM. \*P\<0.05 and \*\*P\<0.01 vs. Con. Con, control; PI, propidium iodide; RV, resveratrol.](etm-19-03-1878-g00){#f1-etm-0-0-8359}

![RV inhibits the invasive and migratory ability of melanoma cells. B16-F10 and A375 cells were treated with 100 µM RV for 24 h. (A) Representative micrographs and (B) quantification of migratory B16-F10 cells in the lower chamber of the Transwell plates following RV or Con treatment (magnification, ×20). (C) Representative micrographs and (D) quantification of invasive B16-F10 cells in the lower chamber of the Matrigel-coated Transwell plates following RV or Con treatment (magnification, ×20). (E) Representative micrographs and (F) quantification of migratory A375 cells in the lower chamber of the Transwell plates following RV or Con treatment (magnification, ×20). (G) Representative micrographs and (H) quantification of of invasive A375 cells in the lower chamber of the Matrigel-coated Transwell plates following RV or Con treatment (magnification, ×20). Data are presented as the mean ± SEM. \*\*P\<0.01 vs. Con. Con, control; RV, resveratrol.](etm-19-03-1878-g01){#f2-etm-0-0-8359}

![RV triggers autophagy in the B16-F10 melanoma cell line. B16-F10 cells were treated with 100 µM RV for 24 h. (A) Immunofluorescence of GFP-tagged LC3^+^ aggregation of autophagic vacuoles in B16-F10 cells treated with RV or Con. Green dots represent autophagosomes. (B) Quantification of GFP-LC3 puncta in the RV- and Con-treated cells in (A). Data are presented as the mean ± SEM. \*\*P\<0.01 vs. Con. GFP, green fluorescent protein; LC3, microtubule-associated protein 1A/1B-light chain 3; RV, resveratrol.](etm-19-03-1878-g02){#f3-etm-0-0-8359}

![RV enhances the expression of autophagy-associated proteins in B16-F10 cells. B16-F10 cells were treated with 100 µM RV for 24 h. (A) Representative immunoblots and densitometric analysis of (B) Beclin 1, (C) LC3 II/LC3 I and (D) p62 expression levels in B16-F10 cells treated with RV or Con. Data are presented as the mean ± SEM. \*\*P\<0.01 vs. Con. Con, control; LC3, microtubule-associated protein 1A/1B-light chain 3; RV, resveratrol.](etm-19-03-1878-g03){#f4-etm-0-0-8359}

![RV inhibits the PI3K/AKT/mTOR axis in B16-F10 cells. B16-F10 cells were treated with 100 µM RV for 24 h. (A) Representative immunoblots and densitometric analysis of (B) PI3K, (C) p-AKT/AKT, (D) p-mTOR/TOR expression levels in B16-F10 cells treated with RV or Con. (E) Representative immunoblots and densitometric analysis of (F) PI3K, (G) p-AKT/AKT, (H) p-mTOR/TOR expression levels in A375 cells treated with RV or Con. Data are presented as the mean ± SEM. \*\*P\<0.01 vs. Con. Con, control; p, phosphorylated; RV, resveratrol.](etm-19-03-1878-g04){#f5-etm-0-0-8359}

![Treatment with the autophagy inhibitor, 3-MA, eliminates the protective properties of RV in malignancy. B16-F10 cells were treated with 100 µM RV with or without cotreatment with 10 mM 3-MA for 24 h. (A) Cell Counting Kit-8 assay was used to assess viability. (B) Percentage of apoptotic B16-F10 cells following the various treatments. (C) Annexin V-FITC/PI flow cytometry analysis of B16-F10 cells following RV, RV + 3-MA, or Con treatment. (D) Representative micrographs and (E) quantification of migratory B16-F10 cells in the lower chamber of the Transwell plates following treatment (magnification, ×20). Data are presented as the mean ± SEM. \*\*P\<0.01 vs. Con; ^\#^P\<0.05 vs. RV. 3-MA, 3-methyladenine; PI, propidium iodide; RV, resveratrol.](etm-19-03-1878-g05){#f6-etm-0-0-8359}
